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The aim of our study was to assess the effect of capsazepine (TRPV1 antagonist) on the thermal preference of the American cockroach, Periplaneta americana. American cockroach has TRP receptors. Wicher et al. (2005) screened the Periplaneta cDNA library for members of the TRPC family and found a homolog of the Drosophila TRPɣ channel. It is proposed that it is involved in forming the channel that conducts the Ca 2+ background current in DUM neurons. Recently, French et al. (2015) demonstrated that the TRPL channel has a major role in Periplaneta phototransduction.
Based on our preliminary results we hypothesized that capsazepine infl uences thermoregulatory processes in insects. To confi rm this hypothesis, we examined thermal preferences of cockroaches treated with fi ve different capsazepine concentrations and released in a thermal gradient system. To establish whether capsazepine may act as a capsaicin antagonist in insects, we assessed the insect thermoregulatory response to capsaicin following pretreatment with capsazepine. We assumed that capsazepine blocks the insects' hypothermic response to capsaicin, as in mammals (Dogan et al., 2004) .
MATERIALS AND METHODS

Insects
American cockroaches Periplaneta americana L. were reared in plastic containers at ~ 26°C under a natural photoperiod. They were fed with oat fl akes and apples and received drinking water at regular intervals. Only adult individuals were selected for the experiments. Experiments were performed separately on males
INTRODUCTION
The main pungent alkaloid responsible for the spicy taste of pepper is capsaicin. It acts on the mammalian vanilloid receptor TRPV1 and induces a burning sensation (Caterina et al., 1997) . The transient potential vanilloid receptor subtype 1 (TRPV1) is a member of a large group of the TRP family of receptors. Mammalian TRPV1 is a heat, ligand and proton-activated nonselective cation channel. This receptor is a nociceptor involved in body temperature regulation (Caterina, 2007) . Some exogenous substances are known to affect organisms' thermoregulation via TRPV1. Capsaicin and other TRPV1 agonists induce a hypothermic response in mammals, while antagonists are known to induce a short hyperthermic effect (Gavva et al., 2007) .
Capsazepine is a competitive antagonist of capsaicin (Bevan et al., 1992) . It is the most extensively studied antagonist of the mammalian TRPV1 receptor, although characterized by limited selectivity (Jakab et al., 2005) . For the heterologously expressed rat vanilliod receptor, capsazepine is less effective as a noxious heat response inhibitor than for heterologously expressed human TRPV1, and the response of rat TRPV1 to low pH is not blocked by capsazepine (McIntyre et al., 2001) .
We previously demonstrated that capsaicin and capsazepine affect the behavioural thermoregulation of the mealworm, Tene brio molitor. Larvae exposed to capsaicin at a low concentration (0.1 μM) chose cooler ambient temperatures, whereas capsazepine at the same concentration induced a preference for a warmer environment relative to insects that were not treated. The similarity in the responses of insects and mammals indicates that capsaicin may infl uence structures that are at least functionally similar to mammalian TRPV1 (Olszewska & Tęgowska, 2011) . Similar results are reported by Zermoglio et al. (2015) , which show that 27.6°C for females; ANOVA: F 1.10 = 0.43, P > 0.05). Based on this result, we determined the time spent by insects in the temperature gradient in areas with temperatures above 27°C in all experimental series (Fig. 1) .
During the fi rst 24 h the thermal preferences of American cockroaches were affected by the substances tested, both of females (ANOVA: F 6.126 = 51.629, P < 0.001) and males (ANOVA: F 6.126 = 9.813, P < 0.001). However, application of alcohol (the capsazepine solvent) at the concentration used in the tests did not affect the temperatures preferred by cockroaches relative to the control group (post hoc Tukey test: P = 0.07 for females and P = 0.56 for males).
Insects treated with capsazepine at submicromolar concentrations (0.01 and 0.1 μM) chose higher ambient temperatures.
Females preferred 28.3 ± 1.4°C (0.01 μM) and 30.4 ± 0.6°C (0.1 μM) in the fi rst 24 h after treatment (post hoc Tukey test: P = 0.389 for 0.01 μM capsazepine and P < 0.001 for 0.1 μM capsazepine relative to the control group). These results were also significantly higher than for the group treated only with alcohol (post hoc Tukey test: P < 0.001 for 0.01 μM capsazepine and 0.1 μM capsazepine). When analyzing the percentage of the time spent at temperatures above 27°C, females treated with 0.1 μM capsazepine spent 89.8 ± 3.9% of the time at temperatures above 27°C compared to 69.9 ± 13.0% for the control group (ANOVA: F 6.35 = 4.11, P = 0.003). This preference for remaining in the warmer parts of the thermal gradient persisted for 72 h (females spent 89.7 ± 4.6% (0.01 μM capsazepine) and 96.4 ± 0.8% (0.1 μM capsazepine) of the time at temperatures above 27°C compared to 58.8 ± 12.9% for the control group; ANOVA: F 6.35 = 5.39, P = 0.001).
The males did not respond to capsazepine at the lowest concentration tested (0.01 μM; post hoc Tukey test: P > 0.05 compared to the control and alcohol treated group). However, following the treatment with capsazepine at a concentration of 0.1 μM, males preferred temperatures that were higher than those preferred by the controls (post hoc Tukey test: P = 0.02) and the alcohol treated group (post hoc Tukey test: P < 0.001). When analyzing the percentage of the time spent above 27°C in the fi rst 24 h, males spent much more time at temperatures above 27°C (86.1 ± 2.8%) than the control group (58.6 ± 5.3%) (ANOVA: F 6.35 = 3.86, P = 0.005).
Capsazepine at higher concentrations (1-100 μM) did not signifi cantly change the thermal preferences of the treated cockroaches compared to the control group, except for capsazepine at a concentration of 1 μM, which induced a preference for cooler environments, in males (post hoc Tukey test: P = 0.012) and females (post hoc Tukey test: P < 0.001). and females. In each experimental series six individuals of both sexes were examined individually.
Substances
Capsazepine and capsaicin were obtained from Sigma Aldrich. Five different concentrations of capsazepine were tested: 0.01; 0.1; 1; 10 and 100 μM. Based on the results only one concentration of capsazepine, 0.1 μM, was used in the further experiments. Capsaicin was tested at a 0.1 μM concentration. To assess the effect of the combined treatment of insect with capsazepine and capsaicin, capsaicin was applied 90 min after capsazepine (as in Dogan et al., 2004) . The capsaicin and capsazepine solvent -ethyl alcohol only (at the same concentration as in solutions of the tested substances -1%) was applied to one group of insects. Water was used in the control group of insects. In each experimental series, 10 μl of the substances tested were placed on the mesothorax under the wings of the cockroaches. The substances were wiped away after 20 s.
Thermal preferences
Thermal preferences of cockroaches were determined in a thermal gradient, which consisted of a long (60 cm) and narrow (5 cm) trough. At one end the trough is heated by a thermostat (Fisherbrand ® FBH 612; Fisher Scientifi c, Pittsburgh, USA) and at the other it is cooled down by a cryostat, thus creating a temperature gradient in the trough. The ambient temperature in this system ranged from 12°C to 40°C. The thermal gradient system was divided into 20 compartments of equal length, and before each experiment the temperature in each compartment was measured with a thermocouple. Oat fl akes and small containers with water were placed in different parts of the thermal gradient (water in: 19°C, 25°C, 32°C; oat fl akes in all compartments), so as not to affect the cockroaches distribution. Water was resupplied every 24 h. Individual cockroaches were placed for 72 h in the thermal gradient (in the middle of the trough, 23.8 ± 0.1°C; always in the same direction) immediately after exposure to the substances tested. The behaviour of the insects in the thermal gradient was recorded using a camera (Sony HDR-XR 200VE) and saved on a computer disc. The images from the camera was recorded every three minutes using the BioVid program (FERRO Software, Bystra, Poland). All experiments were performed in 12-h cycles of light and dark.
Data analysis
The temperatures preferred by the insects were estimated from their positions recorded in the thermal gradient. All data was tested for normality (Kolmogorov-Smirnov test) and homogeneity of variance (Levene's test). A two-way ANOVA (factors: sex and capsazepine treatment) revealed that there is a signifi cant difference in temperatures preferred by males and females after exposure to capsazepine (F 1.6 = 31.34, P < 0.001), so all analyses were performed separately for each sex. The effect of the substances tested on cockroaches' thermal preferences was assessed using a one-way ANOVA and a post hoc Tukey HSD test.
In addition, for each experimental series, the proportion of time spent in temperatures above 27°C (mean temperature preferred by control group) was estimated. Data was arcsine square-root transformed and compared using one-way ANOVA and a post hoc Tukey HSD test. The level of signifi cance for all tests was 0.05. All analyses were carried out using IBM SPSS Statistics 20 software. Data are presented as means ± s.e.m.
RESULTS
Capsazepine
Insects that were not treated (control group) when placed into the thermal gradient system preferred 27°C (27.4°C for males and For males, the time spent at temperatures above 27°C was the shortest after treatment with 1 μM capsazepine (38.9 ± 11.1%), whereas females spent the longest time in areas with temperatures lower than 27°C after treatment with 10 μM capsazepine (37.1 ± 6%).
Capsazepine pre-treatment
To determine whether capsazepine acts as a capsaicin antagonist in insects, the effect of treatment with capsaicin on insects' thermal preferences after capsazepine pre-treatment was recorded. As shown in Fig. 2 , after treatment with capsaicin American cockroach females remained in cooler parts of the thermal gradient for longer than the control group, and the mean temperature preferred in the fi rst 24 h was 25.9 ± 1.1°C (ANOVA: F 4.99 = 74.4, P < 0.001, post hoc Tukey test: P < 0.001). When capsazepine (0.1 μM) was applied 90 min before capsaicin, there was no decrease in the preferred temperature following exposure to capsaicin. Females tend to remain for signifi cantly longer at higher temperatures than after treatment with only capsaicin (ANOVA: F 4.25 = 4.61, P < 0.01, post hoc Tukey test: P < 0.01), and at the same temperatures as recorded following the application of only capsazepine (post hoc Tukey test: P > 0.05). Sexes differed in their reaction to the substances tested. Periplaneta americana males treated with capsaicin after pre-treatment with capsazepine did not signifi cantly change their thermal preferences compared to those insects treated with capsazepine and not treated (ANOVA: F 4.25 = 1.20, P > 0.05). This reaction differed from that of the females of this species, which did not respond to capsaicin after pre-treatment with capsazepine. Moreover, males did not show as clear a hypothermic reaction after the application of only capsaicin as the females (Fig. 3) .
DISCUSSION
Insect are poikilothermic animals, so temperature perception is essential for their survival. There are structures in insects that determine their thermosensation, which belong to the TRP family. Two TRPA subfamily members, Painless and Pyrexia, are needed for the detection of lethal temperatures (> 40°C) (Tracey et al., 2003; Lee et al., 2005) . In Drosophila larvae another channeldTRPA1, is activated by temperatures of between 25 and 27°C, which enables them to avoid temperatures above 30°C (Dillon et al., 2009) . Different structures are involved in the sensing of cold by Drosophila. TRP and TRPL, members of the TRPC subfamily, which are involved in phototransduction, are essential for avoiding cold conditions (Rosenzweig et al., 2008) . Gallio et al. (2011) report that a member of the TRPP subfamily, Brivido, are cold thermoreceptors in fruit fl ies, as brv mutants are poor at avoiding low temperatures. Interestingly, TRPA subfamily members are cold receptors in mammals and TRPV (vanilloid) a heat receptor.
In Drosophila, two members of the TRPV subfamily are known: Nanchung and Inactive. Both receptors are located in the antennal chordotonal organ and form a complex essential for hearing (Gong et al., 2004) . However, both Inactive and Nanchung CHOexpressing cells are unresponsive to capsaicin and temperature (Kim et al., 2003; Gong et al., 2004 ). Yet, this does not exclude a possible role of TRPV channels in insect thermosensation. Sokabe et al. (2008) demonstrated that in vivo and in vitro results may differ. In vivo, fl ies showed an aversion to food containing allyl isothiocyanate, a mustard ingredient, which is mediated by the Painless receptor (painless mutants do not show an aversive behaviour) and mammalian TRPA1. However, Painless expressed in HEK293 cells did not respond to this substance. Furthermore, Kwon et al. (2010) show that Inactive is important for insect thermoreception.
In a previous study we found that like mammals mealworms respond to TRPV1 agonists and antagonists (Olszewska & Tęgowska, 2011 ). In the current research, we evaluated the effect of a TRPV1 antagonist, capsazepine, on thermal preferences of the American cockroach. The results indicate that treatment with capsazepine in submicromolar concentrations (0.1 μM especially) induce a preference for higher ambient temperatures in insects.
In mammals, TRPV1 antagonists are known to not only block hypothermia induced by treatment with capsaicin, but also cause hyperthermia (Gavva et al., 2007) . Capsazepine blocks the capsaicin-induced hypothermic response in rats, but it does not cause hyperthermia (Dogan et al., 2004) . It is thought that hyperthermia only occurs when an antagonist blocks both capsaicin and proton activation, and in rats, capsazepine does not inhibit activation of TRPV1 by low pH, although it blocks proton activation in guinea pigs (Romanovsky et al., 2009 ). Our results revealed that the American cockroach shows a hyperthermic response to submicromolar concentrations of capsazepine. This implies that capsazepine may act on structures that are at least functionally similar to mammalian TRPV1.
To determine whether capsazepine is an antagonist of capsaicin in insects, we assessed the effect of pre-treatment with capsazepine 90 min before the application of capsaicin. In mammals capsazepine suppress the hypothermic response induced by capsaicin (Dogan et al., 2004) . Our results indicate that capsazepine has the same effect in insects. Periplaneta americana females treated with capsaicin seek the cooler parts of the thermal gradient, while after pre-treatment with capsazepine the application of capsaicin had no effect. These results confi rm that capsazepine is also an antagonist of capsaicin in insects.
The differences in female and male responses to capsaicin and capsazepine are very interesting. The response of males to cap- saicin is weaker than that of females, whereas after pre-treatment with capsazepine their reaction to capsaicin was stronger than that of females. It is diffi cult to explain this phenomenon as there is very little data in the literature. Females of pygmy grasshoppers prefer signifi cantly higher ambient temperatures than males (Forsman, 2000) . He also records a signifi cant variation in preferred body temperatures between individuals of different colour morphs of females, but not males. He explains this difference between the sexes in terms of the strong temperature effect on the reproductive performance in this grasshopper species.
Some aspects of life history may account for the differences in the behaviour of the different sexes of cockroaches. Seelinger (1984) describes sex-specifi c differences in the spatial distribution of Periplaneta americana. Males usually leave their shelters in the evening, move to exposed sites and return to the same shelters night after night. Virgin females regularly visit exposed sites and spend several hours there calling, while mated females leave their shelters only for short periods for feeding. These differences in cockroach behaviour may refl ect different responses to external factors, such as capsaicin.
Periplaneta sexes differ also in their response to toxicants. When immunized with honeybee venom, females show a more enhanced and prolonged immunological response compared to males (McCllelan-Green et al., 2007) . Differences in the reaction of sexes to treatment may result from differences in uptake, metabolism and elimination of a toxicant. The females of Periplaneta americana are bulkier than the males (Bell et al., 2007) . Capsaicin and capsazepine dissolve in lipids, so a larger amount of these substances may spread and affect tissues.
It is suggested that TRPV1 sensitivity to capsaicin is an evolutionary acquisition in mammals, as zebrafi sh, amphibian and avian TRPV1 are residually sensitive to this substance (Jordt & Julius, 2002; Ohkita et al., 2012; Gau et al., 2013) . Although insect vanilloid receptors (Nanchung and Inactive) do not respond to capsaicin, this alkaloid is reported to repel some species of insects, for example, Sitophilus zeamais (Spurr & McGregor, 2003) . However, this does not imply that insects have receptors sensitive to capsaicin.
The target of capsaicin at low concentrations in cockroaches may not be similar to the TRPV channel. Al-Anzi et al. (2006) show that wild-type fl ies show a positive preference for capsaicin in food preference tests. The authors suggests that the ability to detect capsaicin is unlikely to be mediated by direct binding to a TRP channel, but more likely that it involves the activation of a gustatory receptor.
It cannot be excluded that the results refl ect other, non-specifi c capsazepine effects in insects. Capsazepine at a concentration ≥ 1 μM acts in a non-specifi c manner in rat dorsal root ganglion neurons by blocking voltage-activated calcium currents. However, IC 50 for a blocking response induced by capsaicin is lower: 0.1-0.7 μM (Docherty et al., 1997) . We recorded inhibiting effect of capsazepine on 0.1 μM capsaicin.
In the presented experiments, capsazepine at higher concentrations (1 μM) induced preference for lower ambient temperatures than recorded for non treated insects. This is consistent with Lundbaek et al's (2005) results, which show that at micro-to milimolar concentrations both capsaicin and capsazepine act in a similar way on many membrane proteins by inducing changes in membrane fl uidity. Capsazepine and capsaicin adsorb on lipid bilayers and modify bilayer physical properties. These changes are suffi cient to change the conformation of membrane proteins, and, for example, to inactivate voltage-gated Na + channels. At micro-to milimolar concentrations, capsazepine non-specifi cally affects many membrane proteins by altering bilayer elasticity, and this may affect insects' thermal preferences in various ways.
However, it can be speculated that when the lipid bilayer fl uidity increases, insects would choose cooler environments to restore regular stiffness of the membrane.
We recorded two types of reaction in our experiments -insects' preference for higher temperatures after application of capsazepine at submicromolar concentrations, and for slightly lower ambient temperatures when treated with micro-to milimolar concentrations. Moreover, capsazepine acted as a capsaicin antagonist in American cockroach females. These results indicate the involvement of structures, which are at least functionally similar to TRPV1, in the thermosensation of cockroaches.
